We investigated optically controllable gray-level diffraction from a body-centered tetragonal photonic crystal that was based on an azo-dye-doped holographic polymer dispersed liquid crystal. The sample is fabricated by use of two-beam interference with multi-exposure. Bichromatic pumping beams at various intensities were used to pump the sample to change the concentration of the cis isomer and, in turn, modulate the effective index of the photonic crystals as well as their diffraction intensity. Three pumping processes were utilized to produce gray-level switching of diffractive light. This study demonstrates the optimum gray-level to be 15-level of up-step and down-step. The simulation of the diffraction intensity under bichromatic pumping sources was also studied.
Introduction
The azo-dye-doped liquid crystal (LC) system has recently been extensively investigated because the tans-cis photoisomerization of azobenzene derivatives disturbs the orientation of LCs upon illumination. The process is reversible and rapidly light-driven, and been studied in many potential applications, including of Z-scan [1] , photorefractive grating [2] - [6] , photoalignments [7] [8], display [9] , photonic crystals (PCs) [10] [11] , microring resonator [12] , and microlaser [13] . Optical tuneability is dominated by the absorptions of the photochromic molecules, including the quantum efficiency, absorption cross-section, and rate constant of the thermal cis-trans back-relaxation (lifetime) of the dye during photoisomerization, which governs the characteristics of the switching. Additionally, absorbing PC doped with azobenzene molecule had been proposed and investigated by Y. J. Liu et al. [14] [15] . During the pumping process, the diffraction properties of these absorbing PCs can be switched, in which the diffraction intensity gradually decreased. However, the diffraction intensity depends on the pumping times and illumination duration.
In our previous studies, we discussed the optical switching of diffractive light based on azo-dye-doped holographic polymer-dispersed liquid crystal (HPDLC) films, which were performed by controlling the index modulation of LC droplets embedded in the polymer matrix. The cis isomer disrupts the order parameter of LC droplets, which results in the reduction of the LC droplet effective index. The concentration of the trans-cis isomers is affected by the intensity and wavelength of the pumping laser beams [10] . Furthermore, the reversible all-optical switch of diffractive light from a body-centered tetragonal photonic crystal (BCT PC) has been investigated via photoisomerization induced by bichromatic pumping beams [11] . In addition, controlling the diffraction intensity was preliminarily realized using two different wavelength laser beams as bichromatic pumping sources. However, the relationship between the diffraction intensity with the intensities of dichromatic pumping beams is still unclear. In this study, we further elaborate the controlling of diffraction intensity via bichromatic pumping beams with the novel three pumping processed, and successfully demonstrate the gray-level controlling. For the optimal pumping condition, 15-level up-step and down-step of diffraction intensity were demonstrated by combining various pumping intensities of bichromatic pumping sources.
Experiments
An empty cell was fabricated using two pieces of indium-tin-oxide-coated glass separated by 20 μm-thick spacers. The homogeneous mixture used to fabricate optically switchable PCs was a PDLC film, including 24.9 wt% nematic LC E7 (n e = 1.7462, n o = 1.5216, at 25˚C for λ = 589 nm; clearing temperature ~61˚C, from Fusol materials), 69.8 wt% polymer NOA81 (refractive index of cured polymer is n P ~ 1.56, from Norland), 1.6 wt% photoinitiator Rose Bengal (from Aldrich), and 3.7 wt% azo component M5C (home-synthesized by Prof. Liu [16] ). The mixture was then filled into the empty cell through capillary action. BCT PCs were fabricated using the same setup in our previous studies [10] [11] [17] [18] . The reference (~500 mW/cm 2 ) and object beams (~400 mW/cm 2 ) simultaneously illuminate the sample. The former was normally incident to the sample, whereas the latter was incident at an angle of ~39˚ to the normal incident beam. The sample was placed on a rotating stage that revolves around the reference beam. The sample was exposed to two-beam interference and subjected to intervals of 90˚ rotations, i.e., exposed at 0˚, 90˚, 180˚, and 270˚. To form a uniform PC structure, the exposure time of each exposure was 2 s, and the sample is exposed by 400 times.
As mentioned above, M5C is an azobenzene derivative (a 4-pentyloxy-phenyl-4-methoxyphenyldiazene photochromic molecule) whose azobenzenes can undergo reversible photoisomerization between two molecular forms (trans-cis isomers) upon irradiation. The trans isomer is thermally stable as a ground state and transforms into a cis isomer after excitation by purple light (λ = 350 -400 nm; π-π * molecular transition). The photoisomerization of cis isomers to trans isomers occurs by itself or is accelerated under visible-light exposure. Therefore, in this study, purple and green laser beams are utilized to optically control the diffraction intensity. Figure 1 shows the experimental setup used to measure the optically controllable gray-level of the BCT PC. A TE-polarized Ar + laser (green, λ = 514.5 nm, intensity = 0 -550 mW/cm 2 ) beam and a diode laser (purple, λ = 405 nm, intensity = 0 -150 mW/cm 2 ) were used to illuminate the sample at 30˚, whereas a He-Ne laser was used to probe the BCT sample. In the experiment, apertures and shutters were used to control the exposure time of the green and purple laser beams, and filters were placed behind detector 1 and 3 to prevent laser light reflection. shown in Figure 2 , the diffraction intensity decreases progressively upon illumination of the green laser and purple laser with increasing intensity, respectively, at room temperature (~25˚C). The photoisomerization of M5C produces trans isomer transformation into cis isomer, and the diffraction intensity weakens progressively with the pumping intensity of green or purple laser beam. However, the wavelength of the pumping purple laser is close to the absorption band that generates a higher cis isomer concentration than that of the green laser. The high cis isomer concentration induces the transition of LCs in the voids into an isotropic state. The diffraction intensity eventually reached minimum after the pumping intensity exceeded 100 mW/cm 2 of the green laser beam (120 mW/cm 2 of the purple laser beam) because the photoisomerization process had reached dynamic equilibrium.
Results and Discussion
In this study, the up-step and down-step of gray-level based on bichromatic optical switch were investigated as the BCT PC was simultaneously pumped by purple and green laser beams. Three pumping processes are studied and denoted as following:
1) fixed the intensity of green laser and variable intensity of purple laser; 2) fixed it of purple laser and variable intensity of green laser; 3) variable intensities of green and purple lasers. , when the sample was not pumped, the diffraction intensity exhibited its maximum, as shown in region I. In region II, pumping laser beams were switched on to pump the sample. To demonstrate the feasibility of gray-level up-step (down-step), a lower (higher) diffraction intensity was initially achieved, which presents more number of levels can be switched. In Figure 3 (a), referring to Figure 2 , the sample was initially pumped by the purple laser with an intensity of 120 mW/cm 2 and the diffraction intensity rapidly drops and achieves the lowest intensity, Lv 1 . To perform the level up, the intensity of green laser was fixed at 10 mW/cm 2 , and the intensity of purple laser was gradually decreased. When the green laser beam was added to the pumping purple laser, the diffraction intensity increased because the cis isomers photoisomerized back to trans isomers, which promotes the organization of the host LCs. Additionally, more trans isomers were induced to increase the index modulation by decreasing the intensity of purple laser. Thus, the diffraction intensity gradually increased. In region III, the diffraction intensity slightly recovered to that in region I after the pumping laser beams were turned off. On the other hand, in the gray-level down-step at reverse pumping conditions, Lv 1 was obtained when the sample was initially pumped by the green laser at an intensity of 10 mW/cm 2 . When the purple laser beam was added to the pumping green laser, the diffraction intensity decreased because the trans isomer photoisomerized to cis isomer, which weakened the diffraction intensity. However, based on the jump from Lv 1 to Lv 2 , the low intensity of green laser is believed to induce a limited amount of purple laser-induced cis isomers back to trans isomers. When the intensity of purple laser was increased, more trans isomers were converted to cis isomers, which disturbed the host LCs. Consequently, the diffraction intensity decreased with increasing pumping intensity of the purple laser. Moreover, as seen in Figure 3(b) , the diffraction intensity became saturated after Lv 6 . When the green laser was turned off, the diffraction intensity jumped to Lv 13 because of the maximum concentration of cis isomers induced by the purple laser at an intensity of 120 mW/cm 2 . The pumping condition 2 was then investigated to improve the gray-level.
For pumping condition 2, Figure 4 (a) and Figure 4 (b) respectively show the gray-level up-step and down-step, in which the sample was continuously pumped by the purple laser at an intensity of 120 mW/cm 2 , while the green laser beam simultaneously irradiated the sample with varying intensities. The corresponding intensity of bichromatic pumping beams for up-step and down-step is given in insets of Figure 4 . The cis isomer concentration can be modulated by combining the intensities of the bichromatic pumping beams; hence, optically controllable diffraction of up-step and down-step can be performed. However, in the up-step displayed in Figure 4(a) , the results show that the diffraction intensity became saturated after Lv 9 . Although the intensity of the green laser increased and exceeded 100 mW/cm 2 , the high intensity of the purple laser dominated the concentration of the cis isomers, and the diffraction intensity became saturated. In addition, as seen in Figure  4 (b) and similar to the pumping condition 1 in Figure 3(b) , the curve also shows a jump from Lv 1 to Lv 2 . Therefore, simultaneously varying pumping intensities of the green and purple lasers were further investigated. Figure 4(c) shows the diffractive intensity as a function of the intensity of the green laser beam under purple laser beam at intensities of 10, 60, and 120 mW/cm 2 . As seen in Figure 4 (c), a lower Lv 1 is required to obtain more levels in the up-step. Thus, more than 12 gray-level were observed by the purple laser at a high intensity (I P = 120 mW/cm 2 ). In this work, the simulation of the diffraction intensity under bichromatic pumping sources was studied. The HPDLC-based BCT sample contained the polymer matrix and voids at the lattice points, which in turn contained the LC/azo-dye mixture. The dynamic equilibrium of the as-pumped trans and cis isomers at various exposure conditions are the key to diffraction beam switching. The cis isomer fraction (N cis ) can be expressed as [19] :
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where I P and I G are the light intensities of the purple and green pumping laser beams, respectively; σ t-c and σ c-t are the absorption cross-section of the trans-cis and cis-trans transitions, respectively; φ t-c and φ c-t are the quantum efficiencies of the trans-cis and cis-trans transitions, respectively; and τ is the relaxation time to return to steady state in the absence of light. The first term describes the light-induced trans-cis transition, the second term represents the cis-trans transition, and the third term accounts for the relaxation of the cis isomer. In the steady state, the fraction of cis isomers can be simplified as ( )
where
T P I and X TG , X TP are the threshold intensity of the green, purple laser beams and the saturation fraction of trans isomers induced by the green, purple laser beams. These are defined as follows:
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(N cis ) eq can be numerically simulated from Equation (2) with parameters
T P I and X TG , X TP at various pumping conditions. To calculate the value of X TG and X TP , a test cell consisting of nematic LC and azo-dye was pumped with UV light (λ = 365 nm). From the time-dependent absorption spectra, X TG and X TP were calculated as 0.996 and 0.9548, respectively. As mentioned above, the effective refractive index of LCs in voids decreased with the cis-isomer fraction and can be assumed as ( ) ( ) ( )
was fabricated based on holographic interference, and its diffraction intensity was similar to the volume grating and proportional to ( ) 2 sin n ∆ , where Δn is the refractive index difference between LCs in voids and polymer matrix and equals (n LC ) eff -n P . Figure 5 (a) and Figure 5(b) show the simulated diffraction intensity based on Equation (2) when the sample was pumped by green and purple laser, respectively. In simulation, parameters T G I and T P I were set at 5 and 15 mW/cm 2 , respectively. As shown in Figure 5 (a), diffraction intensity decreased much faster by a purple pumping laser beam than that by a green laser beam. Figure 5(b) shows the simulated diffraction intensity under excitation by the purple (I P = 10, 60, 120 mW/cm 2 ) and green pumping laser beams (intensity ranges from 0 mW/cm 2 to 200 mW/cm 2 ), simultaneously. When the intensity of the green laser increased, the diffraction intensity also increased because of the reduction in N cis . The reason is believed that the green laser transformed the cis isomers, which were generated by the purple pumping laser, to trans isomers. The simulation results are coincident with the experimental observations shown in Figure 2 and Figure 4(c) .
In the pumping condition 3, optically controllable gray-level based on the combination of various pumping intensities of the green and purple lasers were demonstrated. Figure 6 (a) and Figure 6 (b) present the gray-level up-step and down-step of the diffraction intensity, respectively, based on the corresponding pumping intensities shown in inset, respectively. Similarly in Figure 6(a) , the sample was initially pumped by a purple laser at an intensity of 120 mW/cm 2 , and the diffraction intensity achieved the lowest level. To perform the level up, before Lv 8 , the intensity of the green laser was increased to induce a gradual increase in diffraction intensity. However, as seen in Figure 4(a) , the diffraction intensity became saturated after Lv 9 because of the high cis isomer concentration induced by the high-intensity purple laser. Hence, after Lv 8 in the pumping condition 3, we can further increase the diffraction intensity by significantly reducing the intensity of the purple laser. In addition, after Lv 11 , the purple laser was turned off and the pumping intensity of the green laser was decreased to promote the increase in diffraction intensity. Figure 6(b) presents the down-step gray-level at the reverse pumping condition with respect to that in the up-step. As seen in Figure 6 , both up-step and down-step of the diffractive intensity were demonstrated to be 15 gray-level, in which the diffraction intensity is linearly dependent with the pumping intensities. 
Conclusion
We investigated all-optically switchable diffraction of gray-level from a BCT PC under bichromatic optical pumping that consisted of two pumping lasers with different wavelengths. By illuminating purple/green light onto the BCT PCs, the diffraction intensity varied as a result of different pumping conditions. In this study, 15-level up-step and down-step were demonstrated at the optimum pumping condition. Simulation of diffraction intensity was carried out and displayed a similar tendency with the experimental results. For properly designation of structure, the all-optically controllable PC may be applied as an optical modulator to change the intensity, phase, and polarization of diffractive light. Also, such a device possesses potential for integrated photonics and optical communication devices. Moreover, the all-optically controllable PC can be extended to a wide visible band by replacing the azo-dye whose absorption band is out of that of application.
